Permafrost consists of ground materials that have remained at or below 0øC for two or more years, while seasonally frozen ground refers to ground that freezes and thaws annually. Permafrost and seasonally frozen ground parameters are difficult to measure directly from remote sensing data since they are related to subsurface phenomena. Until recently, relatively few studies had examined the potential of remote sensing techniques for mapping the spatial distribution of near-surface permafrost, the properties of the active layer (the uppermost portion of the ground that freezes and thaws on an annual basis), and seasonally frozen ground in nonpermafrost regions. In addition, few studies had made use of satellite imagery to map features indicative of the presence of near-surface permafrost or of the occurrence of permafrost degradation. Currently, high-resolution satellite images, such as those generated by sensors on board the IKONOS and QuickBird satellites, as well as declassified images generated by the CORONA spy satellite, are being used in conjunction with older aerial photographs to identify changes that have occurred in permafrost terrain in recent decades. Some of the most important advances in recent years have involved (1) the use of parameters related to permafrost conditions (including digital databases of topography and surface cover) to indirectly infer permafrost conditions over large areas by using remote-sensing classification algorithms and ground-truth data and (2) the development of active and passive microwave techniques to monitor near-surface soil freeze/thaw status at regional to continental scales. These recent advances, as well as potential areas of future development, are covered in this chapter.
INTRODUCTION
Permafrost, or perennially frozen ground, is soil or rock that has remained cryotic (at or below 0øC) for a minimum of 2 years [ACGR, 1988] . Climate is the dominant factor influencing the continental distribution of permafrost, generally resulting in an increase in permafrost occurrence with increasing latitude. At more local scales, particularly within the discontinuous permafrost zone, the distribution of of permafrost on engineering projects, baseline information regarding the presence or absence of permafrost, the activelayer thickness, and permafrost ice content must be collected to adequately assess the appropriateness of a prospective location for the construction of structures and roads [Hall and Martinec, 1985] . Beyond this minimum knowledge, more detailed information concerning the local hydrology, vegetation characteristics, distribution of frost-susceptible materials, and the likely behavior of local materials to thaw must also be acquired as necessary background information for engineering projects.
Data revealing the spatial distribution of near-surface permafrost conditions are also important because of the major influence of permafrost on northern hydrological processes. For example, freezing reduces the hydraulic conductivity of soil, leading to either more runoff due to decreased infiltration or higher soil moisture content due to restricted drainage [Williams and Smith, 1989 ]. Changes in active-layer thickness and in permafrost continuity impact surface runoff, directly affecting groundwater storage and river discharge [Kane, 1997] . Permafrost limits subsurface water storage and infiltration, resulting in wet soils and standing surface water. Thickening of the active layer and thawing of ice-rich permafrost enhance the development of thaw lakes, in turn influencing the thermal regime of permafrost Zhang, 2003, 2004] .
The creation of regional databases of permafrost information would be useful for the development and management of northern areas. Remote sensing techniques have the potential to provide a valuable and cost-effective means for mapping and monitoring near-surface permafrost conditions as well as seasonally frozen ground [see Zhang et al., 2004] . However, of all cryospheric parameters (i.e., snow, glaciers/ice caps/ice sheets, sea ice, and lake and river ice), frozen ground, particularly permafrost, is the most difficult to map and monitor through the use of remote sensing imagery since it is a subsurface phenomenon.
The success achieved to date, the current limitations, and ficulties, short field seasons, and time constraints [Ferrians and Hobson, 1973; Morrissey, 1983] Although cold climate and deep-freezing air temperatures for long periods of the year are hallmarks of permafrost existence, permafrost is nonetheless nonhomogeneous and its characteristics are very variable across a landscape due to geological, ecological, and regional climatic factors. Essentially, five factors determine the presence of permafrost [Ferrians and Hobson, 1973] : (1) climatic factors (mean annual temperature at the bottom of the active layer is below 0øC); (2) geological factors (the character of soil and rock materials); (3) hydrological factors (amount of soil moisture available and the rate of freezing determine the amount of ice in permafrost); (4) topographic factors (altitude, slope, and aspect influence the amount of solar radiation received by the ground); and (5) biological factors (vegetation acts as a ground insulator, and its disturbance can cause permafrost to thaw).
Local factors (i.e., vegetation cover, snow cover distribution and thickness, topography, and soil moisture conditions) commonly override the influence of larger-scale macroclimatic factors (i.e., air temperature and precipitation) on ground thermal conditions [e.g., Brown, 1967] . Therefore, in the discontinuous zone, the detection of permafrost from surface indicators assumes that a good relationship has been established between the indicator and the presence or absence of permafrost. This is also true for the mapping of active-layer [Smith, 1993] . Clearly, the presence of the buffer layer makes the direct mapping of permafrost and its ground thermal regime from satellite remote sensing alone a significant, if not insurmountable challenge. However, information obtainable from satellite sensors (e.g., vegetation canopy, snow cover, and topography) provides an indirect means of mapping the presence or absence of permafrost and the thickness of the active layer from space. Exceptions to the tree-species generalizations given above are not uncommon. For example, birch trees can sometimes be found in isolated small groups within localities characterized by thin active layers and otherwise dominated by shallowrooted tree species. Forest fires can introduce boundaries in vegetation that may, with time, not accurately reflect differences in the active layer of the affected locality. Moreover, the presence of specific tree species may correspond to different ground conditions, depending on regional climate. As an extreme example, a spruce stand located at a particular highlatitude locale may be suggestive of permafrost conditions and a shallow active layer, whereas the presence of a similar spruce stand located at low-elevation midlatitudes is clearly meaningless with regard to permafrost conditions. Thus, the predominance of specific tree species by itself should never be used as an indicator of permafrost conditions. Layers of surface organic material such as peat can have seasonally dependent ground-insulating abilities. They are poor conductors of energy in their drier summer states, and better conductors in their moister or frozen autumn and winter states [Williams and Smith, 1989; Williams and Burn, 1996] . Whereas sphagnum, lichen, and peat are good ground insulators and tend to be associated with thin active layers in regions both with and without forest cover [e.g., Leverington, 1995; Williams and Burn, 1996] , feather mosses and marsh sedges have been found to be much less protective of permafrost.
2.1.2. Topography. The important topographic factors that control permafrost conditions are elevation, slope and aspect (i.e., orientation of the slope). Permafrost conditions and climate vary with changes in elevation. At high elevations, permafrost can exist at latitudes where it does not normally occur. Noteworthy, however, are the formation of strong air temperature inversions during the winter in highlands and low mountain regions (typically in the elevation range between several hundreds and several thousands of meters). These temperature inversions may have a strong effect on the spatial heterogeneity of mean annual air temperatures and can be responsible for a reduced spatial distribution or even complete absence of permafrost within some specific elevation belts in such regions.
Slope and aspect strongly affect permafrost distribution, since they both influence the amount of solar radiation received by the ground. In the discontinuous permafrost zone, for example, south-facing slopes are sometimes free of permafrost, whereas north-facing slopes are underlain by it [Ferrians and Hobson, 1973] . Also, everything else being equal, the permafrost would be thicker and colder (and active layer thinner) under north-facing slopes than under southfacing slopes in the continuous permafrost zone.
2.1.3. Geology. Different ground materials have different thermal conductivities, porosities, and permeabilities. Thus, geology can be an important factor in the distribution of permafrost. A dry coarse-grained sediment bed, for example, has a greater thermal conductivity than a dry fine-grained sediment bed. High ground thermal conductivities can allow for relatively thick active layers and support greater annual ground temperature amplitudes at greater depths [Goodrich, 1982] . The porosity and permeability of ground materials, which influence the ability of the ground to contain and conduct air and moisture, are also important with regard to permafrost conditions. These factors are strong determinants of the nature of ground ice, influencing, for example, ice injection and segregation processes [Williams and Smith, 1989 [Smith, 1975; Goodrich, 1982] . The distribution of permafrost in some areas is also closely related to the accumulation of seasonal snow cover. Lack of thermal insulation of the ground by snow cover has a firstorder effect on the presence of permafrost. At this time, no easily applied and accurate algorithms of snow depth have been developed for use with remotely sensed data. Fortunately, both vegetation and topography strongly influence snow parameters such as drift thicknesses and distributions [Smith, 1975] . Thus, although snow depth cannot be determined with remote sensing with much confidence at present, it can be assumed to be at least indirectly involved in any statistical relationships (or permafrost models) that consider vegetation and topography.
Permafrost-Related Features
Typical permafrost and periglacial (environments where frost action dominates) features include frost mounds, earth hummocks, ice wedges, sorted circles, thermokarst features, and features produced by gelifluction. Frost mounds are mound-shaped landforms produced in a variety of ways by the combined processes of ground freezing and groundwater movement [ACGR, 1988] . Although large frost mounds such as pingos [Mackay, 1977 [Mackay, , 1990 In the interpretation of remotely sensed data, the surface depth to which the electromagnetic energy responds is, in reference to target parameters, a function of the surface characteristics. These include the composition of the surface layer and its corresponding moisture content, as well as the presence or absence of vegetative cover. In addition, the sensor configurations related to frequency, polarization, and incidence angle are important in determining penetration depth or depth of sensitivity. In general, however, earth observation sensors respond to only the top few millimeters ( Dean and Morrissey [1988] confirmed that multispectral data were significantly better than radar data alone for detection and recognition of arctic landforms in northern Alaska. In their study, landforms observed on remotely sensed data were compared against baseline geomorphic maps. The identification of a number of landforms was investigated (thaw lakes, submerged margins of lakes, floodplains, polygonal ground, pingos, drainages, dunes, and escarpments); also, the scale required to detect that lakes was examined by sensor type. Both visible-infrared (VIR) and satellite/airborne SAR data were used in this study. In reference to the VIR data, the sensor with the highest spatial resolution (simulated SPOT or Syst•me Probatoire d'Observation de la Terre; 18.5 m pixels) produced the best results. Most of the landscape features were observed on the simulated SPOT image. However, polygonal ground was the most difficult to distinguish; only very large patterns could be observed. In exploring the detection of landforms with use of radar data, Dean and Morrissey [1988] reported that with shallow incidence angles (80 ø ) most of the larger landforms such as thaw lakes, drained lake beds, and large dunes could be detected. Small permafrost features such as pingos could also be detected but could not be distinguished from other surface relief features in the surrounding terrain. Seasat (L-band or 23.5 cm; nominal range resolution of 25 m; acquired July 19, 1978) with its high incidence angle (80 ø) was only marginally capable of detecting large thaw lakes due to speckle, but drained lakes and ponds were clearly evident. The authors concluded that, in general, radar with low incidence angles revealed subtle surface undulations but the undulations were difficult to associate with a landform.
In addressing scale requirements, Dean and Morrissey [1988] discovered that recognizable thaw lakes had to be approximately three times larger than the resolution of the VIR data and six times larger than the resolution of the Seasat data.
The lack of availability of high-resolution imagery ( Figure 4 .
In a follow-up study, Leverington and Duguay [1997] showed that the correlative relations between surface cover and permafrost table developed at the study site of their 1996 study could not be extended to a second study area located only 15 km away (only 60% agreement was obtained).
Results from this study stressed that in situ reconnaissance of any study area of interest is mandatory in the correlative generation of any meaningful permafrost database.
Also on the basis of their research, Leverington and Duguay [1996, 1997] [1992] showed that two criteria--the 10.7, 18, and 37-GHz spectral gradient (OTb/Ofin K GHz -1, where T b is the brightness temperature and f is frequency) and the 37-GHz brightness temperature--can be utilized to classify snow-free soils as either frozen or unfrozen. Judge et al. [1997] explain that the SMMR spectral gradient of frozen soils is negative because heterogeneities in the frozen soil scatter microwave radiation more severely at 37 GHz than at 10.7 GHz. However, for soils that contain liquid water, the SMMR spectral gradient is positive because the Debye process has a greater darkening effect at 10.7 GHz than 37 GHz. The 37-GHz brightness temperature is used because it is more strongly correlated with ground surface and air temperatures than are the 10.7-and 18-GHz frequencies [Zhang and Armstrong, 2001 ].
The freeze indicator method developed by Zuerndorfer and England [1992] (1) Tb(37V ) < 247 K, and (2) a negative spectral gradient between Tb(19V ) and Tb(37V ). Chang and Cao [1996] conducted an analysis by averaging the vertical and horizontal components of the SSM/I brightness temperature to discriminate the seasonal freezethaw boundary on the Qinghai-Xizang ( 
CONCLUSIONS AND OUTLOOK
Success in the development of remote-sensing techniques for use in mapping near-surface permafrost conditions has been limited relative to the success in mapping of other cryospheric variables of interest. Nevertheless, some advances have been made in satellite-based mapping techniques, including the use of correlative relationships between surface parameters and permafrost conditions to generate digital databases of near-surface permafrost conditions using such databases as SPOT and TM images, as well as digital topography. Recent improvements in the spectral and spatial resolution of optical imagers (e.g., the Hyperion and IKONOS sensors), as well as SAR sensors (e.g., the RADARSAT series) and topographic databases (e.g., the databases of the Shuttle Radar Topography Mission) provide a strengthened foundation from which substantial improvements in permafrost mapping may now be made. The surface expression of permafrost conditions and processes (e.g., polygonal networks of frost wedges) can be most easily detected in high-resolution images, which are now available at relatively low cost. The surface parameters that are correlated with permafrost conditions (e.g., vegetation cover) can be most accurately generated by using data with both a high spatial and spectral resolution: data that are increasingly available as advanced sensors are placed in orbit.
The permafrost-and frozen-ground-related databases generated with remote sensing techniques demonstrate considerable potential for use as tools in regional-scale permafrost research, environmental management, and hydrological modeling. With nearly 25% of the continents underlain by permafrost, extensive ground surveys of permafrost conditions are precluded due to expense, logistical difficulties, short field seasons, and time constraints. On the other hand, many numerical heat-transfer models have been used to understand the detailed physics of the permafrost-climate relationship. With a few exceptions, however, because of the extremely limited databases characterizing the microclimates of a broad range of vegetation and terrain conditions, these models are impractical beyond the site scale. In contrast, satellite remote sensing techniques provide the means to generate both local and regional permafrost-related databases. In combination with direct in situ measurements, these techniques may have the potential to more effectively identify evidence of climate change by identifying regional changes in permafrost conditions over extended time periods of decades or centuries.
The constellation of recently launched and planned satellites is expected to produce important developments in the permafrost applications of remote sensing techniques over the next decade, many more than have been realized in the past 30 years. In particular, significant future advancements are foreseen on at least four fronts: (1) mapping/monitoring of the evolution of permafrost-related features by using archived imagery or aerial photographs and more recent high-resolution satellite imagery (e.g., IKONOS, QuickBird, 
